To clarify the transfer rate of FP elements from the calcination layer to the glass melt, we have studied the transfer rate of ruthenium. A 1.0 g of sodium ruthenate or ruthenium dioxide was placed on the surface of a 20 g of borosilicate glass whose sodium content was 4, 10 or 20 wt%, and heated at 1473 K. The transfer rates of ruthenium were evaluated at 4-16 mol h -1 , and the rates were well correlated with the sodium content in the glass. Ruthenium dioxide was found to be more difficult than sodium ruthenate to dissolve into the borosilicate glass.
Introduction
Vitirification is internationally accepted as a method to immobilize high radioactive liquid wastes (HLLW) discharged from reprocessing of spent nuclear fuel [1] [2] [3] . In Japan, HLLW is planned to be vitrified with borosilicate glass by directly feeding HLLW and glass beads in a melter which is filled by glass melts at approximately 1450 K [4] . As HLLW contains not only nitrates of the fission products (FP), but also sodium nitrate, the feed of HLLW into the melter results in a formation of calcination layer, which is in the form of fusible oxide or nitrate-free salt melts on the surface of the glass melt. To vitrify HLLW, the elements in HLLW need to go through the layer. For the steady operation of the melter, the control of the layer is necessary. However, there was not enough information of transfer rate of FP elements from the layer to glass phase.
As a primary fundamental study to clarify the transfer rate of FP elements from the calcination layer to the glass melt, we aimed to evaluate the transfer rate of ruthenium, which is one of the FP elements. Sodium ruthenate which was formed by a reaction of ruthenium oxide and sodium nitrate was employed as a ruthenium compound contained in the calcination layer. Sodium ruthenate was placed on the surface of borosilicate glass whose sodium content were different, i.e., it was 4, 10 and 20 wt% as sodium oxide, and then heated in a furnace at 1473 K. After cooling, the specimen including the crucible was vertically cut and opened to obtain the sliced sample for analysis using inductively coupled plasma mass spectrometer (ICP-MS) with the laser ablation device. Table 1 shows brief description of the glass specimens. The glass whose sodium content ranges from 4 to 20% in weight were prepared by well-mixed sodium carbonate (special grade, Wako Pure Chemical Ind., Ltd., Japan) and a kind of borosilicate glass cullet whose sodium content was 4 wt% as oxide in a crucible, and vitrifying in a furnace (FUB72PB, Advantec Toyo Kaisha, Ltd., Japan) at 1473 K. Sodium ruthenate was prepared by heating the mixture of 5.0 g ruthenium oxide (practical grade, Wako Pure Chemical Ind., Ltd., Japan) and 11.0 g sodium nitrate (special grade, Wako Pure Chemical Ind., Ltd., Japan) in an alumina crucible placed in a muffle furnace (HPM-1G, As One Corp., Japan) at 1123 K for 30 min. After cooling in a desiccator, calcine formed in the crucible was grinded with an agate mortar. A 1.0 g of ruthenium compound was placed on the surface of a 20 g of borosilicate glass which was preformed in an alumina crucible. To prevent convective mixing of sodium ruthenate and the glass during heating, the crucible was put in the center of another crucible which was filled with glass cullet to form a glass melt bath. The crucibles were heated in a muffle furnace (HPM-1G, As One Corp., Japan) at 1473 K for 1 or 4 h. After cooling, the crucible was vertically cut and opened with a diamond cutter (MC-120, Maruto Instrument Co., Ltd., Japan) to obtain the slice sample for observation and analysis. Ruthenium and sodium contents in the glass specimens were directly measured by ICP-MS (SPQ9700, Seiko Instruments Inc., Japan) with the laser ablation device (UP266MACRO, New Wave Research Inc., Japan). Figure 1 illustrates the glass specimens after heated at 1473 K. Most of the ruthenium compounds remained on the top of the glass surface. The color of the glass phase changed yellow somewhat. Examples of the slice conducted to the direct ruthenium concentration measurement by ICP-MS with the laser ablation device and maps of the sampling points are shown in Fig. 2 . The points in the figure represent the measuring point, and the numbers represent the ruthenium concentration in parts per million (ppm) at the points. The ruthenium concentration showed a certain spread distribution; i.e., it was different locally with the measuring points. In this study, more than ten points which were chosen at random in the glass phase were ablated with the laser, and the mean ruthenium concentration was calculated by averaging the values obtained by the measurement using ICP-MS. Fig. 1 . Photographs of samples (The specimen C in Table 1 ) heated for (upper) 1 h and (lower) 4 h. Table 1 ) heated for (left) 1 h and (right) 4 h. Figure 3 shows the mean ruthenium concentration in the glass specimens plotted versus the heating time. The ruthenium concentration increased with increasing the time. When sodium ruthenate was added as the calcine (Plots A, B and C in Fig. 3 ), the ruthenium concentration increased with the sodium content in the initial glass. The increasing rates of mean concentration of ruthenium, dC Ru /dt, was calculated by the slope of the plots in this figure, and then, the transfer rate of ruthenium from calcination layer to the glass, dn Ru /dt, and the flux, J Ru , were calculated and summarized in Table 2 . The transfer rates of ruthenium were calculated at 4-16 mol h -1 . The sodium contents in the glass specimens after heating were also measured by the laser ablation and ICP-MS, and illustrated in Fig. 4 . Compared with the mean concentrations of ruthenium shown in Fig. 3 , those of sodium reached at constant values faster; i.e., the transfer rate of sodium in the glass seemed to be larger than that of ruthenium.
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Fig. 2. Ruthenium concentration in the samples (Specimen C in
The transfer rates of ruthenium plotted against the sodium concentration measured after heating are illustrated in Fig. 5 . Except Plot J, which was the data obtained by employing ruthenium oxide as the initial ruthenium compound, the transfer rate increased with increasing sodium content in the glass. By the comparison of sodium ruthenate and ruthenium dioxide, ruthenium dioxide was found to be more difficult to dissolve into the borosilicate glass. 
Conclusion
The transfer rate of ruthenium from a layer of sodium ruthenate into the borosilicate glasses whose initial sodium content was 4, 10 or 20 wt% as oxide ranged at 4-16 mol h -1 at 1473 K. It increased with increase in the sodium content in the glass. The transfer rate of sodium was greater than that of ruthenium. The initial chemical species of ruthenium added as the calcine also affected the transfer rate of ruthenium. Ruthenium dioxide was found to be more difficult than sodium ruthenate to dissolve into the borosilicate glass. 
